Introduction {#Sec1}
============

Hypertension is respected as one of the most critical risk factors accompanying severe diseases: when it is left untreated for a long period of time, the risk of other cardiovascular diseases will undoubtedly increase. About one billion people are now suffering from hypertension and it is expected to increase 60% by 2,025 worldwide (Kearney et al. [@CR17]). Patients with severe hypertension have to depend upon various kinds of blood pressure-lowering drugs such as angiotensin converting enzyme (ACE) inhibitors, calcium channel blockers, diuretics and others, whose costs are increasing in ratio to total expenses of drugs each year.

Foods or diets that contain bioactive substances with anti-hypertensive effects have received more attention to date. For example, some natural peptides detected in many different kinds of foods such as egg, fish protein and milk (review, Hong et al. [@CR15]) have ACE inhibitory potential.

Recently, γ-aminobutyric acid (GABA) has received attention as a healthy functional compound: GABA itself, a non-protein amino acid, is ubiquitously present in organisms ranging from bacteria to higher organisms like rice and humans. In mammals, GABA is distributed mainly in the brain and is known to function as a major inhibitory neurotransmitter in the central nervous system (Curtis and Johston [@CR9]). Administration of GABA reportedly lowers blood pressure in experimental animals (Takahashi et al. [@CR32]), and GABA-enriched products have been found to have hypotensive effects in Dahl salt-sensitive rats and spontaneously hypertensive rats (SHRs) (Abe et al. [@CR1]; Hayakawa et al. [@CR12]), in addition to improving brain function in senescent monkeys (Leventhal et al. [@CR20]).

GABA is produced from glutamate via decarboxylation by glutamate decarboxylase (GAD) in the cells. Interestingly, plant GAD generally contains an extended region (about 30 amino acids long) at the C-terminus, called the calmodulin-binding domain (CaMBD), which plays a vital role in the regulation of GAD activity in vitro and in vivo (Bouché and Fromm [@CR6]). Baum et al. ([@CR5]) analyzed the function of the CaMBD in vivo and found that over-expression of petunia GAD lacking a CaMBD in transgenic tobacco resulted in increased amounts of GABA in plant cells, but lower levels of glutamate, implying that the CaMBD plays a role in autoinhibition.

Data from the rice genome project show that there exist five *GAD* genes in the rice (Project IRGS [@CR28]). OsGAD2 that is encoded in one of these genes is not able to bind to Ca^2+^/CaM (Akama et al. [@CR3]). But that truncation of the C-terminal peptide confers higher enzymatic activity both in vitro and in vivo on OsGAD2, and over-expression of this enzyme resulted in an extremely large amount of GABA to be accumulated in cells (Akama and Takaiwa [@CR2]). However, the plants that regenerated from callus cells that expressed this mutant gene (i.e., a truncated form of *OsGAD2*, *OsGAD2ΔC*) had aberrant phenotypes (dwarfism and pale green leaves) and were infertile, so there was no way to evaluate the GABA content of the next generation of the seeds. In this study, in order to avoid this situation, we used a rice storage protein promoter, the glutelin promoter (*GluB-1*), to obtain endosperm-specific expression of *OsGAD2ΔC* in order to increase the amount of GABA in the rice grain. As a result, high levels of GABA in rice grains were detected. The GABA-enriched milled rice was used for evaluating changes in blood pressure of SHRs.

Materials and methods {#Sec2}
=====================

Vector construction and rice transformation {#Sec3}
-------------------------------------------

Truncated *OsGAD2* cDNA, designated *OsGAD2ΔC*, in which the 3′-proximal region coding for the 31 C-terminal amino acids was removed, was subcloned into the Ti plasmid pCAMBIA1302 (Akama and Takaiwa [@CR2]). This truncated *GAD* gene was placed under the control of the constitutive cauliflower mosaic virus (CaMV) 35S promoter and its terminator. In order to obtain seed-specific expression in rice plants, the CaMV 35S promoter was replaced with the rice glutelin promoter (*GluB-1*) (Takaiwa et al. [@CR33]): a 2.3 kb *Xba*I/*Nco*I fragment of *GluB-1* DNA was first cloned into pUC18, then after removal of the CaMV 35S promoter from the Ti plasmid, the resulting DNA fragment was subcloned into the relevant site of the Ti plasmid, yielding *GluB-1::GAD2ΔC* in pCAMBIA (Fig. [1](#Fig1){ref-type="fig"}a). The vector was introduced into *Agrobacterium* strain EHA105 (Hood et al. [@CR16]). Transformation of rice calli via *Agrobacterium* and subsequent regeneration were performed as described in Hiei et al. ([@CR14]).Fig. 1T-DNA constructs used for rice transformation and molecular analysis of rice plants. **a** A 2.3-kb *Xba*I/*Nco*I fragment of the rice glutelin promoter (*GluB-1*) gene was cloned upstream of *OsGAD2ΔC* (Akama and Takaiwa [@CR2]) in the T-DNA of pCAMBIA1302 (CAMBIA). A Ti plasmid carrying this T-DNA construct was introduced into *Agrobacterium* strain EHA105. GluB-1 Pro, 2.3-kb rice glutelin *GluB-1* promoter; Nos T, nopaline synthase gene terminator; HPT, hygromycin phosphotransferase gene; 35S T, CaMV 35S terminator; LB, left border; RB, right border. Restriction enzyme sites are indicated by a *line*. The *asterisk* next to *Pml*I indicates that this site was used for cloning after cleavage with this enzyme followed by fill-in of the sticky end. *Thick line* corresponds to a hybridization probe for Southern blot analysis. *Arrowheads* indicate regions of PCR primers. Expected sizes of DNA fragment by PCR are shown between primers. **b** Southern blot analysis of the transgenes. Plant DNA was digested with *Bam*HI or *Eco*RV and transferred to a membrane. HPT-specific probe was PCR-amplified from Ti plasmid vector in the presence of digoxigenin-dUTP, hybridized with the membrane, and washed under stringent conditions. Plant DNAs are NTL: non-transformed line, *line* 47--52, *line* 78--87, as indicated above each *lane*. Positions of DNA ladder marker are showed on the *left side*. **c** PCR analysis of transgenes. After PCR amplification, DNA samples were fractionated on a 2% agarose gel. Template DNAs were shown above each lane. Primer combinations were P1 × P2 and P1 × P3 for *four left lanes* and *four right lanes*, respectively. Positions of DNA ladder marker are shown on the *left side*. An *arrow* indicates an intron-containing fragment (644 bp in length) amplified from the authentic *GAD2* gene in the rice genome. *Control* indicates the Ti plasmid that was used for rice transformation in this study

Plant materials and growth conditions {#Sec4}
-------------------------------------

*Oryza sativa* L. cv. Nipponbare was used in this study. Rice seeds were sterilized, germinated and grown in a growth-chamber as described by Akama et al. ([@CR3]). Shoots that regenerated after plant transformation (described below) were transferred to artificial soil (Bonsol; Sumitomo Chemical Co. Ltd, Osaka, Japan) and were grown for about 2 months, at which time seeds were harvested. Rice plants of T~0~, T~1~ and T~2~ generations after self-pollination were cultivated in plant growth chambers (26°C with 12 h \[light\] and 12 h \[dark\]). In order to harvest a sufficient quantity of rice grains in the T~3~ plants for milling and administration to the rats, seedlings were planted in large pots (25 cm in diameter) containing soil in a non-contained greenhouse (40 m^2^ in area) in the campus of Shimane University (Matsue, Japan) under natural condition from April to September. In the cultivation of T~3~ generation, several parameters for rice yield were investigated.

Analysis of the transgene in rice T~1~ plants {#Sec5}
---------------------------------------------

Total DNA was extracted from rice seedlings grown on Murashige and Skoog solid medium (Murashige and Skoog [@CR24]) using the CTAB method (Murray and Thompson [@CR25]). Isolated DNA was used for Southern blot analysis, essentially according to Akama et al. ([@CR3]). DNA probe (800 bp in length) was PCR-labeled with a digoxigenin-UTP as a template for hygromycin phosphotransferase (HPT) gene using the primers 5′-CGTTATGTTTATCGGCACTTT-3′ and 5′-GGGCGTCGGTTTCCACTATCG-3′ with cycling parameters as follows: 30 cycles at 95°C (30 s), 60°C (30 s) and 72°C (60 s). In parallel, PCR analysis was performed to confirm the presence of the *OsGAD2ΔC*, using the plant DNAs and the Ti plasmid as templates with combination of primer set of P1 (5′-GACCAGCCAACCTTCACGCTC-3′) and P2 (5′-AAGTAACCCGGACGACGACG-3′) or P1 and P3 (5′-TTCCCGATCTAGTAACATAG-3′) under the PCR conditions of 35 cycles at 95°C (30 s), 60°C (30 s) and 72°C (45 s).

Protein analysis and in situ hybridization in the T~2~ seeds {#Sec6}
------------------------------------------------------------

Total protein was extracted from T~2~ generation of two different fractions (milled rice fraction and bran fraction) from rice grain 4 weeks after fertilization using extraction buffer (50 mM Tris--HCl \[pH 7.5\], 5 mM EDTA, 1 mM DTT, 1 mM PMSF). In parallel, seeds were sampled every week between 2 and 7 weeks after flowering in order to explore expression of transgene during seed maturation at the protein level. Protein samples were separated by 12% SDS/PAGE and transferred to a membrane and western blotted using an anti-GAD2 polyclonal antibody, as described by Akama and Takaiwa ([@CR2]). Localization of protein over-expressed in the seeds was determined utilizing in situ western hybridization as described by Qu et al. ([@CR29]).

GABA and amino acid analysis {#Sec7}
----------------------------

Rice grains (T~2~ to T~4~) were homogenized using 8% (v/v) trichloroacetic acid (TCA). After centrifugation, the supernatant was extracted twice using diethylether to remove the remaining TCA. Quantitative determination of GABA content was performed essentially as described by Graham and Aprison ([@CR11]). Aliquots of a sample were mixed with reaction buffer (100 mM NaPO~4~ \[pH 9.0\], 0.5 mM NADP^+^, 0.6 mM α-ketoglutarate, 1.2 mM 2-mercaptoethanol, 0.005 units of GABase \[SIGMA\]) then incubated at 37°C for 1 h. Reduction of NADP^+^ to NAPDH during the two-step enzymatic reaction of GABA to succinate via succinic semialdehyde was detected fluorometrically using a fluorescence reader (Genios FL; TECAN, Salzburg, Austria). In parallel, the levels of some amino acids in polished rice (T~4~) were determined using an automated amino acid analyzer (JLC-300; JOEL, Tokyo, Japan).

Analysis of general composition of rice T~4~ grains {#Sec8}
---------------------------------------------------

Basic composition such as water, protein, fat, carbohydrate, and mineral and vitamin content of the grains from non-transformed Nipponbare (NT) and GABA-enriched rice was analyzed by the Food Analysis Technology Center (Osaka, Japan).

Oral administration of GABA-enriched rice (T~4~) to rats {#Sec9}
--------------------------------------------------------

The experiment plan of the present study was approved by the Animal Experiment Committee of the Department of Experimental Animals, Center for Integrated Research in Science, Shimane University, Izumo, Japan. The entire experiment followed the guidelines issued by the committee. Three kinds of rats (all male and 8 weeks old) were used in this study. Two types were spontaneously hypertensive rats, SHR/NcrlCrlj (SHR) and SHR/NDmcr-cp (SHR/cp) while the remaining were normotensive Wistar-Kyoto rats (WKY). SHRs and WKYs were purchased from Charles River Japan, Inc., Yokohama, Japan. SHR/cps were kindly provided by Japan SLC, Inc., Hamamatsu, Japan. Order of animal experiments was first with SHR, second with SHR/cp and last with WKY, using transgenic rice from line 47--52 for SHR and 78--87 for SHR/cp and WKY. Rats were housed one per cage (temperature at 23 ± 2°C, humidity at 55 ± 10%, 7--19: light, 19--7: dark) and fed a standard diet (MF; Oriental Yeast Industry, Tokyo, Japan) and received tap water ad libitum. After 2 weeks of acclimation, rats were divided into four experimental groups (*n* = 6 rats) except for WKY. For oral administration, rice grain samples were prepared as follows: rice grains were subjected to a rice milling machine (KG-16, National Ltd, Kobe, Japan) and then processed to a fine powder with a blender, which was then suspended in distilled water. A 10-ml suspension of rice grain powder was equally administered and the amount of GABA in each rice sample was calculated per 1 kg rat fresh weight. Low dose rice containing 0.1 mg GABA, high-dose rice containing 0.5 mg GABA, 0.5 mg GABA reagent and NT rice containing 0.016 mg GABA, respectively, was administered to each corresponding group with a sonde. In the case of GABA reagent, NT milled rice powder was supplemented as an equal weight to GABA-enriched rice. An oral administration was conducted once daily continuing for 6 weeks. Once a week, the body weight and systolic blood pressure (SBP) of the rats were measured. To measure SBP, each rat was first kept at 37°C for 10 min, and then SBP of each rat was determined by the tail-cuff method using a blood pressure analyzer (BP-98A, Softron, Co. Ltd, Tokyo, Japan).

Statistical analyses of data {#Sec10}
----------------------------

The data were analyzed by using Student's unpaired *t*-test in the Microsoft Excel and differences were considered to be significant at *P* \< 0.05 or *P* \< 0.01.

Results {#Sec11}
=======

Construction of *GAD2ΔC* controlled by a seed-specific promoter and rice transformation {#Sec12}
---------------------------------------------------------------------------------------

A truncated *GAD2* gene (i.e., *GAD2ΔC*) under the control of the *GluB-1* promoter in a T-DNA region (Fig. [1](#Fig1){ref-type="fig"}a) was introduced in rice callus cells via *Agrobacterium*-mediated gene transfer. Out of 15 independent transgenic lines produced to be regenerated and transferred to the soil. No visible differences in the phenotypes (including fertility) of NT and transgenic rice plants were detected. Three to four weeks after flowering, rice seeds from these independent 15 plants were each subjected to GABA quantification. Determined an average GABA level of twelve grains in each plant, that of two lines was significantly higher than that of the other remaining 13 lines. Thus these lines (47--52 and 78--87) were selected for further analysis: total DNAs of T~1~ plants were isolated for Southern blot analysis using the gene encoding hygromycin phosphotransferase (*HPT)* as a probe. Figure [1](#Fig1){ref-type="fig"}b shows the presence of four to five copies of T-DNA, in the single locus: these seeds showed a ratio three resistant to one sensitive segregation in the MS media containing hygromycin (data not shown). Besides, PCR amplification with two different combinations of the primer sets strongly suggests the presence of several copies of the *GAD2ΔC* in the T~1~ plant genomes (Fig. [1](#Fig1){ref-type="fig"}c). In order to examine truncated *GAD2* expression during seed maturation, total protein was extracted from the seeds (six seeds per sample) in T~2~ generation harvested weekly from weeks 2 to 7 following pollination. Western blot analysis indicated a high and stable accumulation of proteins over-expressed in the seeds, while a markedly lower amount of GAD2 protein was present in the NT seeds (Fig. [2](#Fig2){ref-type="fig"}a). A strong band was unexpectedly detected between protein bands corresponding to GAD2 and GAD2ΔC, respectively, in the 7 weeks of line 78--87, likely to be an artifact or non-specific binding. As previously reported, the expression level of *OsGAD2* in maturing seeds is quite low (Akama et al. [@CR3]). In two transgenic lines tested, a significant level of seed-specific expression was induced by over-expression of the *GluB-1* promoter controlled *OsGAD2ΔC* during seed maturation.Fig. 2Western blot analysis of rice seed proteins. **a** Soluble proteins were extracted from seeds after 2--7 weeks (w) of self-pollination. Total proteins (10 μg) were loaded on 10% SDS--PAGE, followed by electroblotting. Primary and secondary antibodies used were anti-GAD2 antibody and anti-rabbit IgG antibody conjugated with alkaline phosphatase (SIGMA), respectively. Positions of protein marker are shown on the *right side*. A single and *double asterisks* are corresponded to protein bands of GAD2 (57 kDa) and GAD2ΔC (53 kDa), respectively. **b** Control experiment of western blot analysis. NT: calli from non-transformed rice, T: calli over-expressing *GAD2ΔC* described in Akama and Takaiwa ([@CR2])

Harvest of rice T~4~ grains in greenhouse {#Sec13}
-----------------------------------------

The number of pots for lines 47--52 and 87--78 to be cultivated were 35 and 87 in the greenhouse, respectively. After 1 month of self-pollination, seeds were harvested to pool each line. Final yields (brown grain) were 1.13 kg (47--52) and 3.59 kg (78--87). Table S1 shows yield components of the non-transformed line (NTL) and two transgenic lines. There was no significant difference in agricultural traits examined between NTL and transgenic plants.

Localization of truncated GAD2 protein in the seeds {#Sec14}
---------------------------------------------------

In order to confirm the accumulation of truncated GAD protein over-expressed by the *GluB-1* promoter in the endosperm, brown rice kernels (T~2~ generation) were processed by milling machine, obtaining two fractions of milled rice and bran, respectively. Figure [3](#Fig3){ref-type="fig"}a shows results of western blot analysis of protein from rice grain harvested at 1 month after flowering using an anti-GAD2 antibody: NT kernel did not give any positive band corresponding to the position of GAD2 protein, while line 47--52 displayed a strong band in the polished fraction and a somewhat weaker band in the bran fraction. Although line 78--87 was a relatively weaker band compared with line 47--52, it could be detected. Figure [3](#Fig3){ref-type="fig"}b shows protein localization in the seeds utilizing in situ western hybridization (Qu et al. [@CR29]). Pre-immune serum did not show any signal in either NT or transgenic seeds, but anti-GAD2 antibody resulted in strong blue staining in the region of the endosperm from both lines (47--52 and 78--87), not in the germ. Taken together, over-expressed products were highly accumulated in the endosperm of the seeds. Moreover, enzyme analysis of milled rice powder from NTL and transgenic line 78--87 was done in the presence of Ca^2+^ and colmodulin at pH 5.5 according as Akama and Takaiwa ([@CR2]). GAD enzyme activity of 78--87 was over six-fold higher than that of NTL (i.e., NTL, 6.0 pmol/min/mg FW; 78--87, 40.3 pmol/min/mg FW).Fig. 3Determination of protein localization. **a** Two different fractions (milled rice fraction or bran fraction) of rice kernels were subjected to western blot analysis. *Arrow* indicates the position of GAD2ΔC protein. **b** In situ western localization of truncated GAD2 protein in transgenic rice seeds. Longitudinal sections of mature seeds were subsequently incubated with antibody: Pre-immune serum (Pre-immune) and anti-GAD2 antibody-containing serum (Anti-GAD2) were used as primary antibodies. After incubation with a secondary antibody (anti-IgG antibody conjugated with alkaline phosphatase \[AP\]), section was immersed in Western Blue Stabilized Substrate for AP (Promega) to detect protein signal

Determination of GABA concentration {#Sec15}
-----------------------------------

As an initial screening, GABA analysis of the T~1~ seeds from 15 transgenic lines was performed to subsequently select two lines (i.e., 47--52 and 78--87) as described above. GABA content of the seed samples of T~2~, T~3~ and T~4~ generations was assayed via an enzymatic procedure using GABase (SIGMA, St. Louis, USA), which was successfully applied previously in plants by Crawford et al. ([@CR8]). As shown in [Table 1](#Tab1){ref-type="table"}, GABA content of NT brown rice showed 0.05--0.16 μmol/g FW. In contrast, transgenic rice showed about ten times higher GABA concentration. Between the two lines, line 47--52 showed a higher GABA content than line 78--87. This tendency coincided with protein analysis shown in Fig. [3](#Fig3){ref-type="fig"}. In the case of the T~4~ generation, relatively higher GABA contents were observed in both lines.Table 1Determination of GABA content in rice seedsPlant generationNTL (μmol/g FW grain)47--52 (μmol/g FW grain)78--87 (μmol/g FW grain)T~2~0.05 ± 0.040.50 ± 0.150.56 ± 0.14T~3~0.07 ± 0.080.85 ± 0.350.42 ± 0.22T~4~0.16 ± 0.042.16 ± 0.711.12 ± 0.77Rice grain samples were subjected to the GABase reaction as described in "[Materials and methods](#Sec2){ref-type="sec"}". For GABase assay, 12 grains from each plant T~2~ (5 for line 47--52, 9 for line 78--87), T~3~ (8 for both lines) and T~4~ (17 for 47--52, 18 for 78--87) were ground in fine powder. About 100 mg of sample was used for isolation of free amino acids with TCA method. Data shows mean and SD of independent assay from three separate preparations of the samples. For NTL (non-transformed line), three independent plants of Nipponbare cultivated together with T~2~ to T~4~ plants were used for extraction of amino acids to determine GABA content similar to the transformed lines

Free amino acid and other components in the T~4~ generation {#Sec16}
-----------------------------------------------------------

Milled rice grain samples from the T~4~ generation were subjected to free amino acid analysis. [Table 2](#Tab2){ref-type="table"} shows the results for one NT and two transgenic plants: average GABA values (nmol/g FW grain) were 52.3 for NTL, and about 1,445 and 687 for the transgenic lines. Surprisingly in the transgenics, an increase in not only GABA content, but also other free amino acid content was observed. The increase in the other amino acids analyzed seems to be closely related to the increase in GABA: the increase in free amino acids was roughly proportional to the GABA content increase in the two transgenic lines tested. In line 47--52, there was approximately a 28-fold increase in GABA and a 1.8-fold increase in other protein amino acids when compared between total protein amino acids excluding GABA from NTL and line 47--52; in line 78--87, there was a 13-fold increase in GABA and a 1.5-fold increase in other protein amino acids. Methionine (Met) and glycine (Gly) contents, in particular, increased markedly (about 9.5- and 7-fold, respectively), followed by leucine (Leu), lysine (Lys), and phenylalanine (Phe). This order was very similar among the two transgenic plants examined.Table 2Quantity of free amino acids in non-transformant (NT) and transformed seedsAmino acidNT (nmol/g FW)47--52 (nmol/g FW)78--87 (nmol/g FW)Asp1,148.8 ± 484.5952.7 ± 251.8(0.8)840.3 ± 324.3(0.7)Ser26.2 ± 10.7114.0 ± 22.3\*\*(4.4)82.7 ± 25.3\*(3.2)Asn484.4 ± 17.5992.6 ± 146.4\*\*(2.0)800.2 ± 102.3\*\*(1.7)Glu974.5 ± 30.81,040.8 ± 151.0(1.1)1,133.4 ± 149.9(1.2)Gln217.3 ± 7.7275.9 ± 42.2\*(1.3)166.0 ± 24.6\*(0.8)Gly37.1 ± 12.4353.6 ± 124.8\*\*(9.5)266.2 ± 26.2\*\*(7.2)Ala148.0 ± 50.2942.5 ± 246.1\*\*(6.4)577.7 ± 233.6\*(3.9)Val48.4 ± 2.6249.0 ± 43.9\*\*(5.1)178.1 ± 25.1\*\*(3.7)Cys2.0 ± 1.84.1 ± 3.0(2.1)2.5 ± 3.1(1.3)Met2.0 ± 1.821.0 ± 16.6(10.6)19.2 ± 16.1(9.7)Ile19.8 ± 1.8112.2 ± 16.3\*\*(5.7)79.1 ± 9.4\*\*(4.0)Leu18.0 ± 1.8156.6 ± 23.6\*\*(8.7)116.4 ± 11.8\*\*(6.5)Tyr19.3 ± 0.687.4 ± 11.9\*\*(4.5)65.0 ± 7.3\*\*(3.4)Phe12.9 ± 2.587.9 ± 9.6\*\*(6.8)58.9 ± 4.0\*\*(4.6)GABA52.3 ± 2.91,445.2 ± 196.9\*\*(27.7)687.2 ± 63.5\*\*(13.2)His30.8 ± 1.563.3 ± 10.5\*\*(2.1)47.1 ± 5.8\*\*(1.5)Lys15.0 ± 5.8125.8 ± 14.7\*\*(8.4)89.2 ± 3.9\*\*(5.9)Arg69.2 ± 3.0209.7 ± 31.5\*\*(3.0)171.6 ± 26.7\*\*(2.5)Pro72.9 ± 51.5393.8 ± 138.3\*\*(5.4)259.4 ± 81.3\*\*(3.6)Total3,398.9 ± 691.47,628.2 ± 1,501.1\*\*(2.2)5,640.3 ± 1,144.2\*\*(1.7)Total (-GABA)3,346.6 ± 688.56,183.0 ± 1,304.2\*\*(1.8)4,953.1 ± 1,080.7\*\*(1.5)Value indicates the mean ± SDValues in parenthesis indicate fold change compared to NT\* *P* \< 0.05 and \*\* *P* \< 0.01 versus NT control

In parallel, other components including basic compounds, minerals and vitamins were examined as summarized in supplemental Table S2. There was no significant difference in the amount of water, protein, lipid, total minerals and carbohydrate among the NT and GABA-enriched grains. Evaluating mineral content, sodium was about two times higher in NTL than both of the transgenic lines, while phosphorus, calcium, potassium and magnesium levels were relatively higher in transgenic rice.

Oral administration with milled T~4~ rice {#Sec17}
-----------------------------------------

In order to evaluate the functional effects of GABA-enriched rice grains produced in this study, animal experiments were performed. Since GABA is mostly expected to lower blood pressure in mammals, we used SHRs, which are one of the most commonly used models for the study of hypertension and cardiovascular disease (Okamoto and Aoki [@CR27]). We prepared four different GABA-containing samples that were administered to rats orally. After the rice grains were processed to powder, they were suspended in distilled water. Samples were prepared as follows: NT rice: 0.016-mg dose of GABA/kg rat body weight (BW); GABA-enriched rice grains: low and high doses corresponding to 0.1 mg and 0.5 mg doses of GABA/kg rat BW, respectively. As a GABA control, 0.5 mg GABA reagent (SIGMA) was also used. After 2 weeks of acclimation, SHRs were divided into four groups (*n* = 6) as described above to begin the oral administration, while three groups were formed for WKY. In the case of SHRs, dosages were administered for 6 weeks. In all experiments of an oral administration described above in three different kinds of rats, there was no significant difference of weight-change during 6 weeks (data not shown). As shown in Fig. [4](#Fig4){ref-type="fig"}a, after 4 weeks, rat groups (SHR) fed with rice containing higher concentrations of GABA (0.5 mg GABA) showed approximately a 20 mmHg decrease in blood pressure than those fed NT. This tendency continued 2 weeks further. Interestingly, GABA rice (0.1 mg) and GABA reagent (0.5 mg) showed a relatively weak effect on blood pressure, except at 4 weeks' dosing with GABA reagent (0.5 mg); between 4 and 6 weeks, there was no significant effect on blood pressure. We next tested metabolic syndrome rats, (SHR/cp), because this rat has received much attention as a model for the study of life-style related diseases. Similar oral administrations as described above were carried out in the SHR/cps. As shown in Fig. [4](#Fig4){ref-type="fig"}b, GABA rice (0.5 mg) displayed antihypertensive effects, while the other doses did not show any sustained blood pressure lowering effects. Finally, we used normotensive rats (WKY) to examine whether GABA-enriched rice affects blood pressure in normal rats. Figure [4](#Fig4){ref-type="fig"}c indicated no significant change in blood pressure among three different samples (NT, GABA rice \[0.5 mg\] and GABA reagent \[0.5 mg\]). Taken together, these results indicate that the administration of 0.5 mg GABA-containing rice/kg rat BW resulted in a reproducible lowering effect on blood pressure of about 20 mm Hg in both kinds of SHRs, but not in WKY.Fig. 4Oral administration of GABA-enriched rice in rats. Effect of polished rice on systolic blood pressure (SBP) in spontaneously hypertensive rat (SHR/NCrlCrlj) (**a**), metabolic syndrome rat (SHR/NDmcr-cp) (**b**), and normotensive Wistar-Kyoto rats (WKY) (**c**). Dosage of GABA to SHR per daily administration was 0.5 mg/kg body weight (BW) (■: GABA-rice 0.5 mg) and 0.1 mg/kg BW (▲: GABA-rice 0.1 mg) in polished rice from transformed rice plants, respectively, 0.016 mg/kg BW (●: NT) in non-transformed rice plants and 0.5 mg GABA reagent/kg BW (◆: GABA-reagent 0.5 mg). Each data-point represents the mean ± SE. Single and *double asterisks* indicate *P* \< 0.05 versus NT and *P* \< 0.01 versus NT, respectively

Discussion {#Sec18}
==========

In this study we established transgenic rice plants that displayed higher concentrations of GABA in the endosperm of the seeds in order to evaluate the effect of orally administered rice grains in hypertensive rats. In our previous reports (Akama and Takaiwa [@CR2]), *GAD2ΔC* driven by 35S promoter showed an extremely high level of GABA in the vegetative tissues. However, due to its high accumulation, plants showed aberrant phenotype and did not reach the reproductive stage. In the present study, the mutant gene construct was controlled by rice *GluB-1* promoter, which is well characterized in seed-specific expression (Takaiwa et al. [@CR33]; Washida et al. [@CR38]). During the vegetative stage, there was no difference in plant growth and phenotypes between transgenics and NT. Even during the seed maturation stage, analyzing several parameters for rice yield (Table S1), there was no significant difference between the number and weight of seeds per plants, and sterility. This indicates that tightly regulated *GluB-1* promoter and GABA accumulation did not affect the seed-maturation process in rice plants. Over-expression of the introduced gene's protein products in edible parts of the seeds was confirmed both with western blot and in situ histochemical analyses (Fig. [3](#Fig3){ref-type="fig"}). Likewise there have been many prior reports of the successful over-expression of *GluB-1*-controlled foreign genes in the rice endosperm (Takagi et al. [@CR31]; Wakasa et al. [@CR36]).

GABase analysis of the transgenic seeds indicated about 0.5--2.2 μmol of GABA per gram grain, equivalent to 5--22 mg of GABA per 100 g grain in three successive generations ([Table 1](#Tab1){ref-type="table"}). Interestingly, the increasing GABA level in these successive generations from both non-transformed and transformed lines was observed. This increase in GABA level might be influenced by different growth conditions (growth-chamber and greenhouse in T~1~ or T~2~ and T~3~, respectively), although further analysis in the same natural conditions must be required. After milling the brown rice, the GABA content of polished rice was measured at \~0.7 and 1.45 μmol/g (from 687.2 to 1,445.2 nmol/g in [Table 2](#Tab2){ref-type="table"}), with most of the GABA content remaining. Although several groups have achieved increased GABA levels in the vegetative tissues of tobacco using a transgenic approach (Baum et al. [@CR5]; MacLean et al. [@CR22]), as far as we know this is the first report of extremely high levels of GABA in grains, especially in milled rice that is an ordinary form of the diet for human.

Unexpectedly, an increase in not only GABA content, but also other free amino acid content was observed in the transgenic rice ([Table 2](#Tab2){ref-type="table"}). The increase in other amino acids analyzed seems to be closely related to that in GABA: the increase in free amino acids was roughly proportional to the GABA content in two different transgenic lines tested. With the exception of aspartate (Asp), glutamate (Glu) and glutamine (Gln), other protein amino acids also accumulated in high levels. In our previous study in which *GAD2ΔC* was over-expressed in callus cells, we found that GABA content increased, but that the remaining protein amino acids were present at almost the same levels or lower levels than in NT calli (Akama and Takaiwa [@CR2]). These findings show that the accumulation of GABA in rice grains, acting as sink organs, may differentially influence the composition of the amino acid pool, because both grains and calli also accumulated a large amount of GABA as well. Very recently, Akihiro et al. ([@CR4]) reported that during fruit development in tomatoes not only GAD but also α-ketoglutarate-dependent GABA transaminase (GABA-TK) activity plays a critical role in the accumulation of GABA in tomato fruit. Kisaka et al. ([@CR18]) have developed transgenic tomato fruits where *GAD* expression was antisense suppressed. Amino acid analysis of the fruit revealed an increase not only in Glu, but also in other free amino acids, in three out of four transgenic lines. Taking these reports into account, although it has remained unclear regarding GABA-TK activity in rice seeds, a combination of the high activity of truncated *GAD2* and putative GABA-TK activity might result in the rapid turnover of Glu as an amino residue donor to a wide range of amino acids, i.e., sufficient supply of 2-oxoglutarate and other 2-oxo acids (Forde and Lea [@CR10]). On the other hand, it was shown that over-expression of the transgene encoding α subunit of rice anthranilate synthase (AS) results not only in a marked increase in tryptophan (Trp) than is expected, but also in most of the other protein amino acid content as well (Wakasa et al. [@CR35]). It was speculated that Trp accumulation in rice seeds increases the transcription of genes that are involved in amino acid synthesis. It has also been indicated that Asp kinase 2 and Dof 1 transcription factor are critical for amino acid synthesis or nitrogen assimilation (Wang et al. [@CR37]; Yanagisawa et al. [@CR39]). On the basis of these findings, it would be tempting to speculate that GABA plays a role in regulating homeostasis of amino acid metabolism via control of key factor(s), especially in seeds. To clarify these points, further analyses of transgenic lines, i.e*.,* assessing carbon and nitrogen assimilation and amino acid metabolism in concert with the expression of genes involved in these metabolic pathways, is required.

We demonstrated that SHRs administered a 0.5-mg dose of GABA-enriched rice grain (per kg BW) resulted in about a 20-mmHg antihypertensive effect of systolic blood pressure (SBP) both in SHR and SHR/cp. However, neither the lower dose (0.1 mg GABA) nor 0.5 mg GABA reagent showed a significant SBP-lowering effect. On the other hand, Hayakawa et al. ([@CR12]) reported that 0.5 mg GABA reagent/kg BW in SHR has a lowering effect on BP at 4--8 h after oral administration and also at 4 weeks of administration, although we cannot clearly explain the contradiction among the two experiments. Rice grains established in this study contain not only higher amount of GABA but also increase in most of protein amino acids, which may be related to induce blood pressure lowering effect (discussed in detail in below). Nevertheless, it should be noted that a decrease in SBP did not occur in WKY. It has already been shown that GABA has no lowering effect on BP in the case of humans with normal BP (Tsuchida et al. [@CR34]). Until now, there have been many reports on the blood pressure lowering effect of GABA-containing foods (rice germ soaked in water, anaerobically treated tea, and fermented milk product) in which GABA accumulation showed about a 10--15% reduction in SBP compared with the control group of SHRs (Saikusa et al. [@CR30]; Abe et al. [@CR1]; Hayakawa et al. [@CR12]). Because GABA poorly crosses the blood-brain barrier (Kuriyama and Sze [@CR19]), it has been speculated that exogenous GABA acts within peripheral tissues such as blood vessel (Manzini et al. [@CR23]). In order to explore the mechanism of GABA-mediated suppression of BP, we evaluated the level of ACE, nitronic oxide (NOx) and aldestrone in plasma, which are all critical parameters in blood pressure regulation. However, these were not changed significantly in the rats fed with GABA-enriched rice grains, suggesting an antihypertensive effect observed in this study might not be explained based on these parameters. Although we can only speculate to what extent GABA brings about a BP lowering effect, it is highly possible that a combination of GABA with unknown factors could induce anti-hypertensive effects in this study. It has been reported that amino acids such as arginine (Arg) and nicotianamine have an antihypertensive effect via vasodilation and ACE inhibition, respectively (Costa et al. [@CR7]; Hayashi and Kimoto [@CR13]). A recent study has also disclosed that amino acids have an unexpected new role in mammals, i.e., as a putative trigger for insulin secretion (e.g*.*, Newsholme et al. [@CR26]). Because basic components, vitamins, and minerals (except for sodium) are almost the same between Nipponbare and GABA-enriched rice, the transgenic rice established in this study possess not only GABA but also many kinds of amino acids, implying one or several amino acids could cooperatively interact with GABA, inducing an antihypertensive effect in SHR with long-range oral administration. It would be interesting to evaluate which amino acids actually relate to the reduction of SBP in order to evaluate its independent role in decreasing SBP in SHRs as well as mechanisms that are involved.

In conclusion, we established GABA-enriched rice in this study. Compared with SHRs that were administered common rice, SHRs that were fed GABA-enriched rice showed a significant effect in the lowering of BP. Therefore, transgenic rice lines established in this study are likewise expected to protect humans from diseases that occur due to high BP. Besides, the latest report indicates that metabolism of GABA and γ-hydorxybutyric acid (GHB) which is known as a drug of abuse, are tightly linked even in plants (Ludewig et al. [@CR21]). Although there has been no clear report on health problem of GABA-enriched foods from plants by a human consumption so far, it should be considered to determine the level of GHB in the GABA enriched rice developed in this study for future practical use.
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